yet independent of the length of the 3′ untranslated region or m 6 A deposition ( Fig. 3D  and fig. S22 , F to I). Collectively, absence of m 6 A leads to an indirect increase in translation efficiency of GC-rich transcripts and a direct increase in mRNA stability of m 6 A-decorated transcripts. This includes transcripts of prominent naïve pluripotency regulators that stabilize this state and shield its responsiveness to lineage priming cues. Upon depletion of Mettl3, we detected significant changes in splicing patterns that were directly dependent on m 6 A and significant changes in adenosine-to-inosine RNA editing that were indirectly dependent on m 6 A (figs. S24 and S25) (10). However, how and whether the latter changes alter Mettl3-KO pluripotency regulation remain to be defined (supplementary text).
A and significant changes in adenosine-to-inosine RNA editing that were indirectly dependent on m 6 A (figs. S24 and S25) (10) . However, how and whether the latter changes alter Mettl3-KO pluripotency regulation remain to be defined (supplementary text).
We then determined the extent to which the in vitro observed phenotypes correlate with in vivo development and crossed heterozygote mice to obtain Mettl3 -/-litters. KO of Mettl3 is embryonic lethal ( fig. S26 ). Inspecting E12.5, E10.5, and E8.5 embryos, we saw that all KO embryos were already absorbed ( fig. S26 , B to G). Whereas E3.5 KO blastocysts retain normal characteristics ( Fig. 4A and fig. S3 , A and B), postimplantation E5.5 to E7.5 KO embryos were deformed and relatively deficient in adopting the typical postimplantation epiblast egg cylinder shape ( fig. S26 , E to G). Note that Oct4+ cells were readily detected at E5.5 to E7.5 in KO postimplantation epiblasts, which suggested that pluripotent cells existed in vivo and excluded precocious differentiation as the cause for embryonic lethality ( Fig. 4B and fig. S27 ). However, the typical down-regulation and retraction in Nanog expression seen in WT embryos at E5 to E5.5 (11) was not observed in KO embryos ( fig.  S28A ). Moreover, at E6.0 to E7.5, Nanog expression in WT embryos was reinitiated and restricted to the proximal posterior epiblast (Fig. 4C ). On the contrary, Nanog was diffusely expressed throughout the entire Oct4+ epiblast in KO E6.0 to E7.5 embryos, (Fig. 4C and fig.  S28 , B and C). Notably, X-chromosome inactivation and Esrrb down-regulation were observed in both WT and KO postimplantation epiblasts ( fig. S29 ), which indicated that some level of priming does occur and that the latter relative resistance to priming is less severe in some characteristics in vivo relative to that observed in vitro (Fig. 2) . Nevertheless, reduced competence to undergo priming was also evident in vivo by the fact that early differentiation markers such as Brachyury+, Foxa2+ cells or early Oct4+/Blimp1+ primordial germ cells were not induced in KO postimplantation embryos ( Fig. 4D and figs. S30 to S32). Further, E6.5 KO Oct4+ epiblasts expanded and maintained in primed FGF2-activin conditions yielded Oct4+/Esrrb+/Nanog+ naïve-like pluripotent lines ( fig. S33) . Collectively, the retention of widespread Nanog expression and maintenance of Oct4 expression without up-regulating lineage commitment genes in vivo are largely consistent with the in vitro observed phenotypes.
Further, the latter reiterate relative resistance to terminate aspects of naïve pluripotency and the formation of an inadequately primed pluripotent epiblast in Mettl3 KO postimplantation embryos ( fig. S34 ). In summary, we identify m 6 A mRNA methylation as a regulator acting at molecular switches, during resolution of murine naïve pluripotency, to safeguard an authentic and timely downregulation of pluripotency factors, which is needed for proper lineage priming and differentiation ( fig. S34 ). These findings set the stage for dissecting the role of m 6 A in other developmental transitions (12, 13) and for exploring other potential regulatory roles for m 6 A and its reader proteins. Reactivation of telomerase, the chromosome end-replicating enzyme, drives human cell immortality and cancer. Point mutations in the telomerase reverse transcriptase (TERT) gene promoter occur at high frequency in multiple cancers, including urothelial cancer (UC), but their effect on telomerase function has been unclear. In a study of 23 human UC cell lines, we show that these promoter mutations correlate with higher levels of TERT messenger RNA (mRNA), TERT protein, telomerase enzymatic activity, and telomere length. Although previous studies found no relation between TERT promoter mutations and UC patient outcome, we find that elevated TERT mRNA expression strongly correlates with reduced disease-specific survival in two independent UC patient cohorts (n = 35; n = 87). These results suggest that high telomerase activity may be a better marker of aggressive UC tumors than TERT promoter mutations alone.
T elomerase activity is high in embryonic and stem cells but nearly undetectable in most somatic cells, due primarily to transcriptional down-regulation of telomerase reverse transcriptase (TERT), the catalytic subunit of the ribonucleoprotein particle (RNP) (1, 2). Telomerase activity is up-regulated in 85 to 90% of cancers (3) , and the recent identification of two highly recurrent point mutations in the TERT promoter in multiple cancer types suggests one probable mechanism for TERT reactivation. These mutations were first reported in melanoma (4, 5) and then quickly found in many other cancers such as urothelial cancer (UC), the fifth most common cancer in the Western world (6) . For some cancers such as UC, these mutations occur more frequently than any other mutation, including TP53, and a recent report suggests that they may be the most prevalent of all noncoding mutations in cancer (6, 7). The two mutations reside 124 and 146 base pairs upstream from the ATG translation start site (Fig. 1A) and are proposed to augment transcription by recruiting ETS transcription factors to newly generated GGA(A/T) motifs (4, 5) .
Though the frequency of the TERT promoter mutations suggests their importance for telomerase reactivation in cancer, fundamental questions remain. First, only modest increases in gene expression were seen upon introducing these mutations into heterologous luciferase reporter constructs:~1.5-to~4-fold increases, depending on the particular cell line used (4, 5, 8) . Measurements of TERT mRNA levels in tumor tissues of many diverse cancer types have yielded similarly small differences with the promoter mutation (9-12), such as a~1.4-fold increase for UC (13) . However, one report of~40-fold increased mRNA expression in cirrhotic preneoplastic lesions that harbor promoter mutations allows for the possibility of larger effects early in oncogenesis (10) . Second, without evidence that these mutations have any consequence for telomerase activity and telomere length, their biological contribution to tumorigenesis is unclear. It is conceivable, for example, that TERT up-regulation promotes tumorigenesis primarily by telomeraseindependent mechanisms, such as by perturbation of the c-MYC or WNT signaling pathways [(14) ; however, see (15) ]. A third confounding observation is that roughly equal frequencies of these mutations are found across all stages and grades of UC and other cancers (8, 12, 13, 16) , which might suggest that telomerase up-regulation is not particularly important for tumor progression in these cases. One early study did find an association of telomerase activity level with pathological grade and clinical stage of bladder tumors (17) ; these authors were appropriately circumspect about their conclusions because they relied on a polymerase chain reaction (PCR)-based assay to measure telomerase activity instead of the more reliable direct enzymatic activity assay. Also, TERT promoter mutations have been associated with reduced survival of patients with glioblastoma multiforme (6) and with larger tumors and lymph node metastasis in the case of conventional papillary thyroid carcinomas (12) .
To explore the effect of the TERT promoter mutations on telomerase activity in UC, we studied a panel of 23 UC cell lines (UC23) derived from tumors of a wide range of stages and grades, including both muscle-invasive and noninvasive tumors (tables S1 to S3). We genotyped the TERT promoter in each of the UC23 and found frequent incidence of the -124 C→T mutation and less frequent incidence of the -146 C→T mutation (Fig. 1B and fig. S1 ) (16) . We also observed two instances of a -57 A→C mutation, previously identified in a family prone to melanoma but otherwise not frequently observed across cancer types (7, 18) , and several single-nucleotide polymorphisms ( fig. S1 ).
Because amplification of the TERT gene has also been reported to be a mechanism of TERT reactivation in some cancers (11, 18, 19) , we measured TERT copy number variation (CNV) in the UC23. Some variation was observed; the MGHU3 cell line was estimated to have~six copies; the MGHU4 cell line was estimated to have~three to four copies; and the HT1197, TCCSUP, and UMUC9 cell lines were estimated to have~three copies each (Fig. 1B) . As controls, our estimates of~five TERT copies per HeLa genome and~two per human embryonic kidney-293T genome agreed with previous reports (20, 21) .
We then examined TERT expression and telomerase activity in each of the UC23. We compared cell lines harboring either the -124 or -146 mutation to those without. Although the -57 mutation also generates a GGA(A/T) motif, it lies exactly at the major annotated transcriptional start site (TSS) for TERT and thus would probably affect transcription initiation by means other than simple up-regulation (22, 23) . Indeed, the -57 mutation resulted in the smallest of all changes observed in expression of a luciferase reporter (4) . We hypothesized that all of the UC23 would show more or less similar levels of telomerase activity because virtually all cancers reactivate telomerase, whether by one mechanism (e.g., -124/-146 promoter mutation) or another (e.g., TERT CNV, up-regulation of ETS or c-MYC transcription factors, or down-regulation of repressive chromatin modifications), and because most reports had found no association between the promoter mutations and the severity of disease in UC (1-3, 8, 19, 24) .
Contrary to our hypothesis, we found that TERT mRNA levels were dramatically increased in those cancer cell lines harboring the -124 or -146 promoter mutations relative to the others, with an 18-fold increase in median value as measured by reverse transcription and quantitative PCR (RTqPCR) ( Fig. 2A and fig. S2 ) (P = 0.0067; all P values were obtained using the Wilcoxon rank sum test). However, the majority of TERT transcripts are alternatively spliced variants that are not translated into a functional reverse transcriptase (1, 15) . We therefore measured the levels of TERT protein (Fig. 2, B and C) and telomerase enzymatic activity (Fig. 2, D and E) in each of the JON  MGHU4  MGHU3  SCABER  SW1710  RT4  TCCSUP  VMCUB3  VMCUB1  UMUC9  UMUC6  UMUC13D  UMUC1  UMUC3  LUL2  FL3  SLT4  T24T  T24  HT1197  575A  253J UC23, using immunopurification (IP) of TERT followed by immunoblot analysis and direct enzymatic activity assays, respectively (25, 26) . Both protein and telomerase activity levels were higher in cell lines harboring promoter mutations, although the twofold increases in median values were much more modest than the 18-fold increase in mRNA levels (Fig. 2, B  and D) . These more modest changes may reflect additional, posttranscriptional regulation of TERT expression. It is also possible that the mild lysis conditions used for IP, which are necessary to preserve integrity and activity of the telomerase RNP, were not sufficient to completely solubilize some of the UC23. This would result in reduced efficiency of TERT recovery in some cell lines and, subsequently, an underestimation of protein and activity levels. On the other hand, measurements of TERT mRNA levels and telomere lengths, for which harsher methods of cell disruption were used, were significantly different when comparing wild-type (WT) and mutant groups ( Figs. 2A and 3B) . Still, both TERT mRNA and protein levels correlated strongly with telomerase activity in the UC23 (Fig. 2, F and G, and fig. S3 ), whereas levels of the telomerase RNA (TR) subunit did not (Fig. 2H) . The eight cell lines with the greatest levels of TERT protein expression and the nine cell lines with the greatest levels of telomerase activity all harbored the -124 or -146 mutation. These results support the assertion that, in UC, these mutations often result in higher levels of TERT reactivation than those achieved by other reactivating mechanisms and confirm that TERT, rather than TR or some other factor, is the limiting component for formation of the telomerase RNP in the UC23 (one notable exception is the SW1710 cell line, which was measured to havẽ 850 TERT protein molecules but only~140 TR molecules per cell).
Whether a cell enters replicative senescence or becomes immortal is not thought to depend on telomerase activity per se, but rather on telomere maintenance. We therefore measured telomere lengths for each of the UC23 and found longer average lengths in promotermutant cell lines (Fig. 3 and fig. S5 ). Overall, telomerase activity correlated strongly with telomere length (fig. S6) . No correlation was seen between increased TERT gene copy number and TERT mRNA or protein levels, telomerase activity, or telomere lengths ( fig. S7 ). These data, alongside recent observations that there is no substantial TERT CNV in UC, suggest that gene amplification is not an important mechanism for telomerase reactivation in this type of cancer (19) .
To determine the clinical relevance of these observations, we evaluated whether TERT mRNA expression was predictive of disease-specific survival (DSS) of UC patients. To make consistent comparisons, we focused our analysis on publically available gene expression profiles of patients for whom DSS endpoint data were available and who had undergone radical cystectomy as definitive treatment. This eliminated the confounding factor of patients who had undergone chemotherapy, because these treatment regimens varied among these individuals and can affect DSS (27) . A subset of patients from two cohorts met these selection criteria, one from the Chungbuk National University Hospital (CNUH) (n = 35) (28) and the other from the Memorial Sloan Kettering Cancer Center (MSKCC) (n = 87) (29) . We found that increased expression of TERT mRNA in the tumors of these patients correlated with reduced DSS in both of these cohorts (P = 0.0042 and 0.034, respectively) (Fig. 4) . Considering our finding that increased TERT mRNA levels serve as a reliable indicator for increased telomerase activity in the UC23 (Fig. 2F) , these results suggest that robust telomerase reactivation is important for UC tumor progression. In contrast, several previous studies found no correlation between the presence of promoter mutations and the severity of UC (12, 13, 16) . This apparent discrepancy may be explained by the fact that, although these mutations do correlate with a more robust reactivation of the enzyme in general, other genetic or epigenetic differences also contribute. For example, the T24 and T24T cell lines have the same number of TERT copies and -124 promoter mutations, but the more tumorigenic T24T cells (30, 31) have~fivefold higher levels of TERT protein and~fourfold higher levels of telomerase activity. Taken together, these data suggest that the better marker for patient prognosis is not promoter mutation per se, but TERT expression levels, which directly determine telomerase activity levels.
Reactivation of some mechanism for telomere maintenance is considered to be essential for oncogenesis. Because UC does not typically employ the alternative lengthening of telomeres mechanism (32), we originally hypothesized that all of the UC23 would have a similar level of telomerase up-regulation; that is, the promoter mutations would represent only one of several equally effective mechanisms for TERT reactivation (5, 12, 13, 16, 33) . Instead, we observed that (i) the UC cell lines varied widely (~100-fold) in the level of TERT protein and telomerase activity (Fig. 2G) , which correlated with their respective telomere lengths (Fig. 3) , and (ii) although the mere presence of a promoter mutation did not necessarily lead to high telomerase activity, those cell lines with the highest levels of activity harbored such mutations (Fig. 2D) . These results suggest that TERT promoter mutations provide a particularly effective mechanism for high-level telomerase reactivation in UC. Future studies will be needed to test whether UC tumors harboring high levels of telomerase activity are particularly susceptible to treatment with targeted telomerase inhibition. TERT mRNA expression lower 50% upper 50% Fig. 4 . Tumor expression level of TERT mRNA is inversely associated with disease-specific survival of patients with UC. The prognostic value of TERT mRNA expression for DSS in patients who underwent radical cystectomy and who did not receive chemotherapy or additional treatments before or after cystectomy in the (A) CNUH and (B) MSKCC cohorts. Kaplan-Meier curves for patients with low and high expression levels of TERT mRNA were generated (see supplementary materials), and the corresponding log-rank P values and hazard ratios (HR) are as indicated. CNUH data include only patients with muscle-invasive tumors, whereas MSKCC data include patients both with muscleinvasive and noninvasive tumors. A similar analysis could not be performed using The Cancer Genome Atlas because this data set is not limited to DSS.
